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ABSTRACT

Radiative and optical properties of polycrystalline La;SryMnOs (Os XSO.4) in
the vicinity of metal-insulator transition are presented. Temperature dependence of
the total hemispherical emittance &y of La;SryMnO; was measured by calorimetric
method in the temperature range from 173 to 413K. It was confirmed that the &y
showed unexpected variations result from difference of hole concentration (X).
Especially in the case of LaggysSrg17sMnOs, &y keeps high value above transition
temperature Tc due to insulator-like behavior; on the other hand, it decreases sharply
below Tc because of metallic behavior.  Spectral reflectance was measured by FT-IR
in the wavelength range of 0.25 to 100um at room temperature.  Optical constants
were calculated from Kramers-Kronig analysis of the spectral reflectance data.
Insulator-like feature of the optical properties appears at lower Sr*" doping level while

metallic one exists at higher Sr*" doping level.

KEY WORDS: Kramers-Kronig analysis; La;«SryMnQOs; manganese oxide; optical

constants; perovskite; spectral reflectance; total hemispherical emittance.



1. INTRODUCTION

In order to keep the desired temperature of the spacecraft for all mission phases, a
wide variety of thermal control materials or devices have been used. It is recently
required to develop new thermal control materials for spacecraft because of the
tendency to grow higher density and efficiency of the instruments on the spacecratft.
It is important to know the thermal radiative and optical properties of such newly
developed thermal control materials. As a new thermal control material, we
employed La;,SryMnOs; which is manganese oxide with a perovskite-type structure
LaMnOs by substitution of La’" sites with Sr*".  These perovskite-type manganites
have attracted much attention on account of their phenomenal magnetic and transport
properties. Especially giant magnetoresistance phenomena and metal-insulator
transition have been widely observed as long as the Mn*"/Mn’" mixed valence ratio is in
the appropriate range [1-3].  The mechanism of the ferromagnetic transition and the
coincident metal-insulator transition has been traditionally understood on the basis of
the double exchange interaction model [4-7]. Later, recent theoretical and
experimental studies pointed out the importance of electron-phonon interaction, called a
“polaron”, that relates to Jahn-Teller-type lattice distortions of MnOg octahedra [8, 9] in
addition to double exchange interaction.

Here we present the radiative and optical properties of La; 4SryMnOs3 in the vicinity
of metal-insulator transition temperatures.  They show various changes depending on
its temperature and molar ratio of Sr’’. Temperature dependence of the total
hemispherical emittance &g was measured by the calorimetric method between 173K
and 413K.  Spectral reflectance was measured by FT-IR in the wavelength range of

0.25 to 100um at room temperature so as to investigate the influence of Sr*" doping



level on the optical properties. The optical constants, refractive index n and
extinction coefficient k, which subject radiative and optical properties were calculated
from Kramers-Kronig (K-K) analysis of the spectral reflectance data.  Absorption

coefficient A was calculated by the use of k.

2. INVESTIGATED SAMPLES AND CHARACTERIZATION

Polycrystalline La; xSr,MnO3 (x=0, 0.15, 0.175, 0.2, 0.3 and 0.4) were selected as
test samples and prepared using the standard ceramic production process [10].  The
dimensions of the sample are nearly 30mmx30mmx0.2mm.  The surfaces of every
sample were polished by diamond slurry.  The surface roughness of the sample was
measured by surface roughness measuring instrument (Tokyo Seimitsu CO., LTD.:
SURFCOM 130A).  The root-mean-square roughness of the sample was under 30nm.

As the hole concentration (X) is increased, La; xSryMnQO3 shows any phase changes
[3]. The parent material LaMnOs is an antiferromagnetic insulator. ~ For doping
levels 01<x<0.17, the phase changes from paramagnetic insulator to ferromagnetic
insulator state with decreasing temperature.  The ferromagnetic metal phase appears
over x=0.17 and the ferromagnetic transition temperature Tc exists near room
temperature.  Namely, rapid reduction of electronic resistivity begins at Tc and metal
phase turns up at low temperature, it is so-called a metal-insulator transition. = And
over x=0.25, the phase changes from paramagnetic metal to ferromagnetic metal state
as the temperature is reduced.  Hence, it is speculated that the radiative and optical
properties of La;SryMnO; shows considerable variations in the vicinity of

metal-insulator transition.



3. TOTAL HAMISPHERICAL EMITTANCE &4

Total hemispherical emittance & was measured by the calorimetric method. A
detailed explanation of the calorimetric method and description of the measurement
system will be published elsewhere [11]. The uncertainty of the present &y
measurement was estimated to be at most +2.5%.

Figure 1 shows the result obtained in the present measurement on &y of
La; xSryMnOs3 (x=0, 0.15, 0.175, 0.2, 0.3 and 0.4) in the temperature range from 173 to
413K.  Temperature dependence of &y in La; SryMnO; shows distinct behavior with
doping level of S**".  LaMnO; is an insulator and does not show any phase changes in
this temperature range [3].  Hence, no drastic change can be observed and &y shows
monotonous increase as a function of temperature.  For x=0.15, &y keeps constant
above 250K and slightly changes with paramagnetic-ferromagnetic insulator transition
below 250K [3].  The similar result is obtained between x=0.175 and x=0.2 though
the transition temperature and sharpness of the variation of &y are little different.  The
result indicates the unconventional features for thermal radiative properties of these
samples.  Namely on one hand &; keeps high value above T¢ due to insulator-like
behavior; on the other hand, it decreases sharply below T¢ because of metallic behavior.
The amount of variation of &; is over 0.40. These anomalous behaviors of &; for
x=0.175 and 0.2 are ascribed to the great change of the infrared reflectance because the
phonon structures in infrared region fade away by dielectric screening effect resulted
from increasing mobility of free electrons with metal-insulator transition [12, 13].
For x=0.3 and 0.4, the inclinations of the temperature dependence of &g slightly varies

with the paramagnetic-ferromagnetic transition [3]. The &y of x=0.3 and 0.4 is



smaller than the other samples in the entire temperature range due to metallic state over
the whole temperature region.

Figure 2 shows the measured &y of La;SrxMnOs (x=0, 0.15, 0.175, 0.2, 0.3 and
0.4) at 293K.  The effect of Sr*" doping on the &; is clearly appeared.  The & is
obviously different between 0<x<0.175 and 0.175<x<0.4. In the vicinity of
x=0.175 which is close to the nonmetal-metal compositional phase boundary [1], &
shows remarkably variation according to slightly difference of Sr*" doping. ~ When the
doping level is small, &; has large value as well as nonmetal.  As high doping level at
which the mobility of the free electrons increase, the &y becomes gradually small and
closes to the value like metal.  The reason of doping dependence in &y at room

temperature will be discussed in section 4.3.

4. OPTICAL PROPERTIES
4.1. Experimental and Kramers-Kronig Analysis

Spectral reflectance of near-normal incidence was measured for La; \Sr,MnO; (x=0,
0.15, 0.175, 0.2, 0.3 and 0.4) at room temperature. Spectral reflectance in the
wavelength region of 0.25~100um was measured using Fourier-transform spectroscopy
(Bio-Rad: FTS-60A/896).  As a reference, we used aluminum mirror.  The optical
constants, refractive index n and extinction coefficient k, were calculated from
Kramers-Kronig (K-K) analysis [14] of the spectral reflectance data. =~ At near-normal

incident angle, n and K are given by

1-R (1)
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where the quantity R is the experimentally observed spectral reflectance (single surface
reflection).  The n, k and R are functions of frequencies, which is omitted to simplify
the expressions in egs. (1) and (2). The phase difference 6 between the incident

and the reflected waves is obtained from the following relation.

6w)=-21 1“[65?2/55“* lao G)

Here, 9(&)) is the value of the phase difference at frequency w,. The integral is

1
evaluated numerically.  Extrapolations of the spectral reflectance to high and low

frequencies are required since the measured spectral range is finite.  For the analysis
we assumed the constant reflectance from 0.25 to 0.1pm and ROw™ extrapolation
below 0.1lpum.  Depending on the electronic states, the reflectance extrapolations

above 100um were the constant reflectance or the reflectance described by

Hagen-Rubens relation (1 - R) U+w.  Absorption coefficient is given by [15]
4m
A=—Kk 4
) “4)

where A is a wavelength.

4.2. Assessment of the Data Calculated from K-K Analysis

To investigate the K-K analysis error due to the uncertainty in the extrapolation of
the spectral reflectance from zero to infinity, we perform analytical dispersion analysis
of the measured spectral reflectance. = A model based on the following factorized

expression of the complex dielectric function is applied [16]:
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The adjustable parameters, the high-frequency dielectric constant €_, the frequencies
@y, w; and damping terms Yy, Y, for jth transverse optical (TO)-longitudinal

optical (LO) pair, are uniquely determined. @ And then, & and &, are real and

imaginary part of the complex dielectric constants, respectively.  The band contour
described by the factorized model is similar to that by the classical analytical model for
the complex dielectric constant.  The model has been successfully used to fit infrared
spectral reflectance of several oxidic perovskite [17, 18].  The factorized model has
four free parameters per oscillator instead of three as in the classical model, so it is
much more flexible than the classical model.

The spectral reflectance is expressed as eq. (6) by the use of the &, and &,. We
performed curve fitting with egs. (5) and (6). A simplex method [19] is employed for

curve fitting.

m= w/‘.sf +e; )—\/2(:‘:‘1 +.Jg] +&] )+1
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Representing La; ,SrxMnOj system, the result of curve fitting to the spectral reflectance

(6)

of LaMnOs; is shown in Fig. 3.  The open circles represent the measured spectral
reflectance; solid curve is calculated by curve fitting.  The fitting parameters obtained
are listed in Table I.  Little differences are observed near 30um between measured
spectral reflectance and fitted one. = However, the factorized model satisfactorily
describes the outline of the spectrum of LaMnOs and agrees well with measured
reflectance. A standard deviation between measured spectral reflectance and fitted

one is +3.9%



The optical constants are expressed as eqs. (7) and (8) by the use of &, and ¢,.

o= et ve) "
k=\/%(1/£f+£22 —sl) (8)

Good agreement between the optical constants that yield the best fit to reflectance data

and those calculated from K-K analysis is observed as shown in Fig. 4. A standard
deviation of the difference in optical constants obtained from K-K analysis and curve
fitting is within +0.16. The result in wavelength region of 0.25~2.5um and
80~100um is omitted because it is unavoidable that the error is large by the nature of

K-K analysis.

4.3. Spectral Reflectance

Figure 5 shows the measured spectral reflectance for La;SryMnOs (x=0, 0.15,
0.175, 0.2, 0.3 and 0.4) at room temperature.  The distinct behaviors of the spectral
reflectance are clearly observed.  The spectral reflectance of x=0~0.175 shows up
typical features of a nonmetal with sharp infrared peaks due to the transverse optical
(TO) phonons at 17pum, 28 um and 60 pm. A compound of the ideal cubic
perovskite-type structure has three infrared-active phonon modes as shown in Fig. 6.
Three strong TO phonon peaks correspond to Mn-O stretching mode, Mn-O-Mn
bending mode and La-site external mode in the ascendant order of the wavelength [20,
21].  However, LaMnOs; has more than three peaks in optical spectrum since LaMnO;
is not ideal cubic but slightly distorted one. = The Mn-O-Mn bending mode is most
sensitive to the lattice distortion of MnOg octahedra [21].

Any notable distinction is not observed under 1.0um though there are small



differences in magnitude of the spectral reflectance. Over 1.0um, the spectral
reflectance of x=0.3 and 0.4 is greatly different compared to that of x=0.  With
increasing Sr°* doping, the optical phonon peaks gradually fade away and
simultaneously the spectral reflectance becomes high in infrared region. =~ Hence, two
compounds of x=0.3 and 0.4 does not show insulator-like features in optical spectrum
but metallic ones. It is considered that the reason why two compounds of x=0.3 and
0.4 have high reflectance is that there is a contribution to infrared optical phonon from
free electrons which obtained more mobility due to Sr*" doping.  And then, free
carriers contribution screens the infrared optical phonon mode [12, 13].
Consequently, the variation in &y at room temperature as shown in Fig. 2 is attributed to

the variation in the infrared spectral reflectance due to Sr*" doping.

4.4. Optical Constants and Absorption Coefficient

Figure 7 represents the optical constants calculated from K-K analysis.
Wavelength dependence of the optical constants in x=0~0.2 is full of variety and there
are three peaks though the bending mode of x=0 material is split due to lattice distortion.
As Sr*" doping increases, it is observed that three peaks gradually fade away as well as
the spectral reflectance.  In two compounds of x=0.3 and 0.4 that are metallic state at
room temperature, the optical constants show metallic feature and monotonous increase
as a function of the wavelength. ~ The change from insulator-like behavior to metallic
one in optical constants happens together with the change of spectral reflectance. ~ The
variation of the spectral reflectance is attributable to the metal-insulator transition due to
Sr*" doping in optical constants.

Absorption coefficient A obtained from eq. (4) is shown in Fig. 8. Like the



spectral reflectance and optical constants, the A varies from insulator-like feature to
metallic one according to Sr*” doping.  The A of x=0.4 at 10um is nearly two orders
of magnitude larger than that of x=0.  For insulator-like state, strong absorption peaks
due to optical phonon are appeared at 17um, 28 pm and 60 pm. In case of metallic
state, obvious absorption peak is not observed and wavelength dependence is weak.
From this result, at low doping level, it is verified that electromagnetic waves penetrate
into materials to some extent depth from the surface and then absorbed by the optical
phonon.  On the other hand, at high doping level, electromagnetic waves are reflected
at the surface or absorbed in relatively thin layer of the surface because it is hard for

electromagnetic waves to penetrate due to free electrons contribution.

5. CONCLUSIONS

Temperature dependence of the total hemispherical emittance &y of La;SrxMnOs
system was confirmed in the temperature range from 173 to 413K. It was ascertained
that &; showed variety changes by its temperature and Sr*" doping. ~ Moreover, the
effect of Sr*" doping on the optical properties was clarified. ~ The optical constants
were calculated from K-K analysis and the variation of the spectral reflectance is
attributable to the metal-insulator transition due to Sr*" doping in optical constants.

La; xSryMnO; has potential for applications as thermal control material in space use

because it has varied radiative and optical properties.
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Table I. Fitting parameters determined by egs. (5) and (6) for LaMnOs.

J 1 2 3 4 5
Qrj (cm™) 172.1 259.2 272.5 343.6 566.8

% 13.7 534 31.6 43.4 28.8
Q| (cm™) 200.4 464.3 290.8 2543 660.6

Wi 10.1 50.1 342 42.8 41.4

£, 6.6




LIST OF FIGURE CAPTIONS

Fig. 1. Temperature dependence of total hemispherical emittance &y in La; 4 SrxMnOs3
(x=0, 0.15, 0.175, 0.2, 0.3 and 0.4).

Fig. 2. Total hemispherical emittance in La;SryMnO; (x=0, 0.15, 0.175, 0.2, 0.3 and
0.4) at 293K.

Fig. 3. Spectral reflectance of LaMnOs. o: measured data, —: the fitting curve of egs.
(6) and (7).

Fig. 4. Refractive index (a) and Extinction coefficient (b) of LaMnQOs. o: calculated data
from K-K analysis. —:calculated by eqgs. (8) and (9) using the parameters in Table L.

Fig. 5. Spectral reflectance of La; x\SryMnO; (x=0, 0.15, 0.175, 0.2, 0.3 and 0.4) at room
temperature.

Fig. 6. Infrared-active vibration modes of perovskite-type crystal structure.

Fig. 7. Refractive index (a) and extinction coefficient (b) of La; «SryMnOs (x=0, 0.15,
0.175, 0.2, 0.3 and 0.4) at room temperature.

Fig. 8. Absorption coefficient of La;SryMnOs (x=0, 0.15, 0.175, 0.2, 0.3 and 0.4) at

room temperature.
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